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Two recent studies have exploited Arabidopsis
mutants and chromatin immunoprecipitation to
reveal the complexity of the interaction between
histone H3 methyl K9 and cytosine methylation, two
epigenetic marks that characterize silent chromatin.
The study of cytosine methylation of genomic DNA has
been fraught with long-standing quandries about
‘cause versus effect’. Foremost has been the question
of whether changes in cytosine methylation cause alter-
ations in gene expression, or are merely a consequence
of these alterations. This particular question is being
put to rest by the growing understanding that cytosine
methylation can actively participate in establishing or
maintaining epigenetic states of gene expression. This
understanding has developed in large part from work
over the past five years showing that cytosine methyla-
tion and cytosine methyltransferases interact with
histone deacetylation complexes [1]. Recently, a differ-
ent histone modification, methylation of histone H3 on
lysine 9 (H3-mK9), has taken center stage as a defining
epigenetic mark of silent chromatin [2], ushering in a
new set of ‘chicken and egg’ questions regarding 5-
methylcytosine (5mC). Which epigenetic mark, 5mC or
H3-mK9, is upstream in epigenetic signaling, if indeed
a linear pathway exists?
The past year has seen publication of a number of
reports that flesh out the interaction between the 5mC
and H3-mK9 modifications. Two papers [3,4] described
cytosine methylation defects in fungi and plants with
mutations disrupting histone methyltransferases related
to the Drosophila enzyme SU(VAR)3-9 [5]. The first [3]
described a mutation of histone H3 K9 methyltrans-
ferase, dim-5, which abolished all vegetative 5mC in the
filamentous fungus Neurospora crassa. 
The second paper [4] described Arabidopsis mutants
in a gene KRYPTONITE (KYP), encoding a related
histone H3 K9 methyltransferase, which were isolated
in two independent gene-silencing suppressor screens
([6,7] and Judith Bender, personal communication).
Loss-of-function kyp mutations predominantly reduce
5mC in the sequence contexts CpNpG and CpNpN,
and only weakly affect the methylation mCpG [4]. As the
Arabidopsis genome contains eight other genes for
proteins related to KYP, it was postulated that genetic
redundancy could account for the lack of a more dra-
matic reduction in 5mC, under the assumption that
some H3-mK9 might persist in kyp mutants.
These studies of histone H3 K9 methyltransferase
mutants point to a simple linear model in which H3-mK9
acts as an upstream epigenetic mark which signals to
5mC. This hypothesis is strengthened by the recent
demonstration [8] that establishment of the H3-mK9
mark is an early event in X chromosome inactivation in
mammals, one that precedes cytosine methylation.
A richer complexity in the relationship between 5mC
and H3-mK9, however, is coming into focus from the
findings of two new chromatin immunoprecipitation
studies. In one study, Grendel et al. [9] examined the
histone H3 methylation content in the approximately
2Mb transposon-rich heterochromatic ‘knob’ region on
chromosome 4 [10] in an Arabidopsis ddm1 mutant.
The DDM1 gene, which encodes a putative nucleo-
some remodeling protein of the SWI2/SNF2 class, was
originally identified by mutations that severely deplete
5mC in the repetitive fraction of the genome without
immediately affecting low-copy sequences [11]. 
Grendel et al. [9] found that most repeats and
interspersed coding sequences inside the ‘knob’ are
associated with histone H3-mK9 in wild-type
Arabidopsis. A dramatic shift toward a euchromatic
state occurs within the knob in the ddm1 mutant,
characterized by H3-mK9 depletion, association with
histone H3-mK4 and transcriptional derepression. The
authors favor the interpretation that the loss of DDM1
function exerts its primary effect on H3-mK9 through
a defect in chromatin remodeling, and that the loss of
5mC in heterochromatic sequences follows because
no H3-mK9 is present to guide the cytosine methyla-
tion machinery. This model fits well with the data on
Neurospora dim-5 and Arabidopsis kyp mutants, and
provides an attractive explanation for how a chromatin
remodeling component could affect cytosine methyla-
tion with such puzzling specificity.
The work of Grendel et al. [9] provides an additional
clue that reveals another facet of the H3-mK9 and 5mC
connection. While ddm1 mutants suffer a marked
reduction in 5mC, there is no significant change in the
overall abundance of H3-mK9. In other words, DDM1
is not required for H3 K9 methylation per se, but it is
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Figure 1. Interactions between the histone and DNA
epigenetic marks H3-mK9 and and 5mC.
Green arrows indicate positive interactions; the red line
denotes a negative interaction.
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necessary to restrict H3-mK9 to particular genomic
sites. The redistribution of H3-mK9 provides a satisfy-
ing explanation for the ectopic cytosine methylation
seen in normally euchromatic regions in ddm1 mutants
[12]. This thinking can be extended to explain the
ectopic cytosine hypermethylation that also occurs in
Arabidopsis deficient in the major Dnmt1-class main-
tenance cytosine methyltransferase, MET1 [12,13], as
well as the inappropriate methylation of CpG islands
that accompanies genomic hypomethylation in certain
types of human cancer [14].
One simple hypothesis is that 5mC, once established,
takes the lead by confining H3-mK9 to heterochromatic
compartments of the genome. This model is supported
by the recent demonstration that the mammalian 5-
methylcytosine binding protein MeCP2 can recruit H3-
K9 histone methytransferase activity (Tony Kouzarides,
personal communication). In addition, MeCP2 recruit-
ment of histone deacetylase activity is likely to facilitate
methylation of K9 through removal of acetyl groups that
inhibit H3-mK9 formation [1,2,15].
Further complexity at the interface between H3-mK9
and 5mC is revealed by the work of Johnson et al. [16],
published recently in Current Biology. These authors
examined H3-mK9 association with a different set of
cytosine methylated sequences in several Arabidopsis
mutants: ddm1, kyp and two mutants with cytosine
methyltransferase defects, cmt3 and met1. Contrary to
the prediction of the proposed MeCP2-mediated
5mCH3-mK9 feedback loop, cmt3 met1 double
mutants have essentially no cytosine methylation on
the 180 bp centromere repeats, but H3-mK9 associa-
tion with these repeats is unaffected. However, both
5mC and H3-mK9 are lost on two retrotransposon
sequences in cmt3 met1 double mutants. How can this
difference be explained? Johnson et al. [16] hypothe-
size that transcriptional derepression, which occurs for
the retrotransposons but not for the 180 bp centromere
repeats, may erase the H3 K9 methylation by driving
nucleosome replacement; this is based on the obser-
vation of transcription-dependent but replication-inde-
pendent histone deposition in Drosophila [17,18].
The work of Johnson et al. [16] holds some other
surprises as well. They found that, while ddm1 mutants
lack both cytosine methylation and H3-mK9 on all
genomic sequences examined, kyp mutants show a
comparable depletion of H3-mK9 but exhibit a much
less severe loss of 5mC. This shows that the other
KYP-related genes do not cover for the kyp mutation in
terms of shoring up heterochromatic H3-mK9 content.
Further, the loss of H3-mK9 cannot easily explain the
extreme 5mC loss in ddm1 mutants, pointing to a
direct role for DDM1 in maintaining both cytosine
methylation and histone H3 K9 methylation.
The various 5mC and H3-mK9 interactions emerg-
ing from these studies are illustrated in Figure 1.
Clearly there are some discrepancies between the dif-
ferent studies reviewed here, some of which may
reflect differences in the experimental systems used.
Nonetheless, these findings underscore the intricacy
of the interplay between 5mC and H3-mK9 and argue
against a unidirectional linear signaling pathway in
favor of reinforcing feedback loops, which may be
important for amplification and propagation of silent
epigenetic states. The relatively simple network shown
in Figure 1 is likely to look rather quaint soon, as the
nuances of the interactions between these two promi-
nent epigenetic marks become firmly established and
placed in the context of signaling among other chro-
matin modifications.
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